The relationship between the band gap in electrospun titania nanofibers at ambient temperature and the nature of the air-argon atmosphere in which the material has been heated nonisothermally to 900 °C was investigated by ultraviolet-visible absorption spectrometry at room temperature. The results for heating in different selected air-argon mixtures show that the UVregion band gap found in unheated as-spun amorphous nanofibers, 3.33 eV, may be shifted well into the visible region by calcining in the different air-argon mixtures. The band gap value found for heating in air, 3.09 eV, reduces systematically when the material is heated in an airargon mixture, with the gap in pure argon being 2.18 eV. The progressive lowering of the band gap is attributed to the development of crystallinity in the fibers as the material is calcined and the associated development of oxygen vacancies when heated in argon, and therefore to the formation of defect states below the conduction band.
Introduction
Titanium dioxide (TiO2) or titania has received much attention as a photocatalytic and photovoltaic semiconductor because it is relatively inexpensive, eco-friendly and has long-term photostability [1] [2] . It is a wide band gap semiconductor ceramic with an optical band gap for amorphous titania being in the range 3.30-3.5 eV [3] . This value decreases for two common crystalline titania forms: crystalline anatase (~ 3.20 eV), and crystalline rutile (~ 3.02 eV) [4, 5] .
Although rutile has a smaller band gap than crystalline anatase, the latter is most favored because it has a higher photoactivity than crystalline rutile, whereas a mixture of crystalline anatase and rutile has been reported to exhibit superior photocatalytic ability [6] [7] [8] . Thus, many studies have been conducted on the photocatalytic activity of crystalline titania because crystallinity is an important parameter that influences band gap narrowing in titania. Titania powder which is used as a commercial photocatalytic material (Degussa, P25), may include small amounts of amorphous phase, a minor quantity of crystalline rutile, and more than 70% crystalline anatase [9] . Some studies have focused on photocatalytic activities and the band gap for amorphous titania or a mixture of amorphous and crystalline titania [3] .
An optimum combination of titania phases with lower band gap can be synthesized by thermal treatment of amorphous titania, which transforms to crystalline anatase at relatively low temperature, and then the crystalline anatase transforms to crystalline rutile at higher temperature. The amorphous-to-crystalline transformation of electrospun titania nanofibers has been studied by the authors from room temperature to 900 °C in 100% air and 100% argon atmospheres [10] . After thermal treatment, a sample heated in 100% argon contains more crystalline content (anatase and rutile) than that heated in 100% air due to the influence of oxygen vacancies created under argon. To the best of the author's knowledge, the effect of degree of crystallinity on the titania band gap for a mixture of amorphous and crystalline titania has not been reported previously.
When chemically pure, titania must be exposed to ultraviolet (UV) radiation to become photo-active. Various treatments, such as an organic dye attachment, hydrogen plasma reduction, and extrinsic chemical doping [11, 12] , have been investigated to reduce the band gap of titania in order to achieve photocatalytic activity under visible light (1.77-3.10 eV).
Impurity doping with various anions and cations has been used to create oxygen vacancies and thus modify the electronic structure to achieve visible light absorption [13] [14] [15] [16] [17] [18] [19] . A major disadvantage with chemical doping, however, is that dopant chemicals may be corrosive and pollute the environment (i.e., secondary pollution). A reduction of the band gap without chemical doping is, therefore, an attractive proposition.
The introduction of oxygen vacancies can result in Ti 3+ states which may be used as intrinsic donors to narrow the band gap of titania such that they can act as n-type donors. The introduction of oxygen vacancy defects into non-doped titania can influence the photocatalytic behavior significantly. Here the defects act as recombination centers for photo-induced electron-hole pairs, thereby reducing the band gap and enabling photoactivity under visible light [20] . Oxygen vacancies have been created by annealing titania in hydrogen, argon, or in a vacuum [20] [21] [22] . The oxygen vacancy concentration increases with increase in calcination temperature in these atmospheres, whereas it remains constant in air.
Using titania in an electrospun nanofiber form is attractive for photocatalysis applications since titania nanofibers have a high ratio of surface area to volume, which increase the decomposition rate of air and water pollutants and this allows for photocatalytic reactions to occur more rapidly on the photocatalyst surface [23] [24] [25] [26] [27] [28] [29] [30] .
In this work, a novel strategy was used to create oxygen vacancies in a mixture of amorphous titania, crystalline anatase, and crystalline rutile in electrospun titania nanofibers to narrow the band gap. Amorphous titania nanofibers were synthesized by electrospinning, and their morphology and band gap were characterized before and after calcination in air-argon mixtures, using field emission scanning electron microscopy (FESEM), energy dispersive spectroscopy (EDS) and UV-visible spectrometry.
Experimental procedures

Electrospun titania nanofiber synthesis
Electrospun titania nanofibers were synthesized by a combination of sol-gel and electrospinning methods. A titania sol-gel solution was prepared by mixing titanium isopropoxide (IV), ethanol, and acetic acid in a fixed volume ratio of 3:3:1, and then 12 wt% polyvinylpyrrilidone (PVP) was dissolved in the solution. The titania sol-gel solution precursor was stirred ultrasonically before being loaded into a 10 ml plastic syringe with a 25-G stainless steel needle in the electrospinning experiment. The voltage setting was controlled using a high voltage power supply to maintain 25 kV between the needle tip and an aluminum collector at 12 cm. A syringe pump was used to control the titania sol-gel solution flow rate at 2 ml/h during the electrospinning process [25] .
Heating protocol
Electrospun titania nanofibers were heated non-isothermally from 25 to 900 °C, at 10 °C/min in air-argon mixtures using a TGA/DSC Mettler Toledo machine. The thermal experiments were conducted using 150 μl alumina crucibles loaded with ~25 mg of sample.
Protective argon gas flowed through the machine at 20 ml/min, with the flow rates of air or argon varied as required. Samples were heated in 50% air-50% argon, 25% air-75% argon, and 100% argon mixtures. The calculation of percentage air to argon included the protective argon gas. Because of safety considerations, mixtures of 25% argon-75% air and 100% air could not be used in the Mettler Toledo machine. Instead, samples were heated in 100% air using a furnace with the same non-isothermal heating conditions, also from room temperature to 900 °C at 10 °C/min.
In-situ high-temperature synchrotron radiation diffraction (SRD).
The in-situ crystallization behavior of electrospun titania nanofibers was estimated using nonisothermal high-temperature SRD in 100% air and 100% argon from 25 to 900 °C, at 10 °C/min. SRD data were collected at the Australian Synchrotron using the Powder Diffraction
Beamline using an Anton Parr HTK 16 hot platinum stage, at a wavelength of 0.1126 nm and with a fixed incident beam-sample angle of 3°, for 5° ≤ 2θ ≤ 84°. The SRD patterns were acquired using a data collection time of 2 min per pattern, at ambient temperature and then in steps of 100 °C, from 200 °C to 900 °C [25] .
The relative phase levels of crystalline anatase and rutile in 100% air and 100% argon were determined from Rietveld analysis using the TOPAS program (Bruker AXS, Version 4.2).
Rietveld analysis of the SRD data was also used to estimate oxygen site occupancies for the crystalline anatase and rutile phases.
Microstructural imaging
The structure and morphology of electrospun titania nanofibers prior and following calcination in 100% air and 100% argon were studied by field emission scanning electron microscopy (FESEM, Zeiss, Neon, 40EsB, Germany). The samples were coated with a 3 nm layer of platinum before FESEM imaging to avoid charging. The elemental sample composition was determined by energy dispersive X-ray spectroscopy (EDS).
Band gap
Band gap assessments were made from absorption spectra recorded using a V-670 UVvisible spectrometer (Jasco, Japan). The main instrument settings were: absorbance photometric mode, a wavelength range from 200 to 750 nm, and a 200 nm/min scanning speed.
The sample band gap (Eg) was calculated from:
where h is Planck's constant (6.626×10 -34 J.s), C is the speed of light (3×10 8 m/s), and λ is the extrapolated wavelength (nm) at which the absorbance value reaches the instrument limit. The heated nanofibers have uneven surfaces compared with the as-spun amorphous fibers because of the development of crystalline grains of anatase and rutile [25] . Table 1 shows that the crystalline grains were larger in 100% argon than in 100% air, which is consistent with oxygen vacancies created in argon at elevated temperature affecting titania grain growth positively because of enhanced solid state diffusion. Atomic diffusion or the cooperative rearrangement of titania atoms and grain boundary movement during titania phase transformations occurs more easily in 100% argon than in 100% air because of the higher mobility of titania atoms in the presence of oxygen vacancies. This can lead to higher grain growth and larger titania grains [31, 32] .
Results and discussion
Microstructure imaging
The EDS spectrum of the nanofiber sample was recorded after thermal treatment in 100% argon (Fig. 2) . The spectrum is similar to that for as-spun nanofiber (not shown here) besides an absence of the C peak from loss of organic substance and PVP polymer. The EDS spectrum shows strong Ti and O signatures and a weak Pt signature from the platinum coating on the sample, which are essentially the same when the sample was heated in 100% air. The complete loss of organic material and PVP polymer from the electrospun titania nanofibers occurred at ~ 450 °C, see our preliminary results from in-situ high temperature synchrotron radiation diffraction (SRD) (see Fig. 4 ) and thermal gravimetric analysis (TGA) [10] . The titania nanofibers were initially amorphous by the pronounced amorphous humps in the SRD patterns for 100% air and 100% argon, but these humps disappeared by 400 °C. The TGA results
showed that the loss of organic material (ethanol and acetic acid) occurred from room temperature to ~ 150 °C, and the PVP polymer decomposition occurred from ~150 to 450 °C.
Influence of calcining atmosphere on titania colour
Fig . 3 shows the progressive color change in titania from white after thermal treatment in 100% air to progressively darker shades of gray after thermal treatment in air-argon compositions from 100% air to 100% argon. This color change is attributed to oxygen loss from the titania to form oxygen vacancy defects, and the color intensification is considered to result from an increase in oxygen vacancy concentration with increasing argon concentration.
A similar color change effect has been reported by Gamboa et al. [33] in a calcining experiment in which the effect of low levels of chlorine addition to air and argon was studied. This color change was attributed to the formation of oxygen vacancies when heating in argon. Figure 4 shows the stacked SRD plots measured in 100% air and 100% argon over the temperature range 25 -900 °C, and noting that the peaks at ~27.7° and 35.6° occur because of the Pt heating holder. Table 2 shows the variation in absolute phase concentrations following SRD for the 100 % argon and 100 % air atmospheres. The presence of oxygen vacancies makes the anatase-to-rutile transformation in 100 % argon more efficient than in 100 % air because some relaxation of the Ti binding environment occurs. Details of absolute levels of amorphous titania and crystalline anatase and rutile at each temperature extracted from the SRD data are given in the preliminary novel study by the authors [10] . The absorbance-wavelength plot for the sample heated in 100% argon is substantially different from those for the other samples discussed above, with there being a reduced absorbance range, from ca. 0.80 to 0.65, across the wavelength band investigated. This effect is consistent with accounts in the literature that the development of substantial oxygen vacancy defects is responsible for such changes in optical properties. The absorbance change resembles that for C-doped titania thin films for with the absorbance fell from 0.7 to 0.5 over the range 300 nm to 800 nm [34] . Following the present study, the measurement of additional absorbance spectra would be required for argon contents of between 75% and 100% to reveal the underlying band structure.
Phase composition results from the SRD
UV-visible spectral analysis results
Influence of calcining atmosphere on band-gap structure
Fig . 6 shows a plot of band gap versus argon content corresponding to the absorbance spectra in Fig. 5 , and Table 2 lists the band gap values for each sample type, and also specifies the sample phase compositions [10, 25, 30] . Table 3 compares band gap results from this study with literature data for titania materials with different forms, mixtures and atmospheric treatment.
The effect on band gap for the as-produced amorphous fiber sample through calcining in 100% air was to reduce it from the amorphous value of 3.33 eV to 3.09 eV, i.e., from within the UV to the visible region. As earlier work on the same sample has indicated that the development of vacancies on heating in air is minimal, the reduction to 3.09 eV is attributed entirely to the development of crystallinity in the fibers -noting the phase levels of about 21%
anatase and 39% rutile on calcining amorphous material in 100% air [10] . It is noted that the measured gap value 3.09 eV agrees with the concentration-weighted gap for the two phases:
3.20 eV for pure anatase [5] and 3.03 eV for pure rutile [4, 5] . This appears to be consistent with literature reports of band gaps for mixtures of anatase and rutile [5] .
Two factors appear to drive the further reduction in band gap as argon is introduced: (i) changes in the titania phase mix, and (ii) the progressive development of oxygen vacancies.
The measured gap of 2.18 eV for heating in 100% argon is related to the titania phase composition (10% anatase and 63% rutile) for which the concentration-weighted gap would be 3.05 eV which is ~ 0.87 eV greater than the measured gap of 2.18 eV. The 0.87 eV difference is attributed to oxygen vacancy development. The presence of oxygen vacancies provides more surface active sites and allows for a larger charge carrier density. This is consistent with the electronic structure of titania material being changed by an absent oxygen atom, resulting in the localization of one or two electrons in an oxygen state. The formation of oxygen vacancies results in the formation of unpaired electrons or Ti 3+ centers, which form oxygen vacancy states below the conduction band and act as n-type donors [35, 36] .
The development of oxygen vacancies as the concentration of argon increases was discussed by the authors [10] in terms of non-stoichiometric effects of titania heated in 100% argon.
Oxygen is lost when the sample is heated in argon due to the formation of non-stoichiometric anatase (TiO2-x). This is consistent with the work of Andersson et al. who investigated the composition range of argon-annealed TiO1.9-2 using X-ray powder diffraction [37] . The narrowed band gap is attributed to the heterostructure titania phases (anatase and rutile) and the formation of oxygen vacancies, which creates a state below the conduction band.
Increasing the percentage of argon in the air-argon mixtures reduce the state to below the titania conduction band, which thus increases the oxygen vacancy concentration, and the subsequent band gap narrowing. Tables   Table 1 Nanofiber and grain size measurements. The ± symbol refers to the size range for size assessment. The number of measurements for each entry was 40. Table 2 Phase compositions and band gaps for titania nanofibers at room temperature after calcining to 900 °C in 100% air, 100% argon, and air-argon mixtures. 
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